Abstract: A total of forty 24 kg male Dorset weaning lambs were allocated in four dietary treatment groups: ad libitum concentrates (C), restricted concentrates (RC), zero grazing (ZGR), and grazing (GR). Lambs were slaughtered at 47 kg. Meat from grass-fed lambs (ZGR and GR) had a lower ultimate pH (P = 0.04) and L* value (P = 0.03) compared with that from C-fed lambs. However, a*, b*, hue angle, chroma values, shear force, myofibrillar fragmentation index, sarcomere length, as well as fat, protein, and collagen contents were not affected by dietary treatments (P > 0.05). No difference was found in juiciness and tenderness, but typical lamb flavour was more pronounced in C-fed lambs than in GR-fed lambs (P = 0.03). Grazing and ZGR increased the percentage of cis-9, trans-11 C18:2 (P < 0.0001), and total n-3 polyunsaturated fatty acids (PUFA; P < 0.01) and decreased the ratio of n-6/n-3 PUFA (P < 0.0001) in the longissimus dorsi (LD) muscle, whereas C-fed lambs had higher proportion of trans-10 C18:1 (P < 0.0001) and lower proportion of trans-11 C18:1 (P < 0.0001) than the other treatments, which may indicate an altered rumen biohydrogenation. Dietary treatments had minimal effect on meat eating quality but affected meat fatty acid profile.
Introduction
There are several factors which influence the purchasing decision of consumers when buying meat. While sensory qualities such as flavour, juiciness, and tenderness are very important because they influence the repurchase of the product, other aspects such as colour and fat content are what first appeal to the consumer. Discoloration represents an indicator for a lack of freshness and wholesomeness (Mancini and Hunt 2005) while fat content, for its part, can be considered unhealthy (Wood et al. 2008) , although the emphasis seems to be shifting away from fat quantity towards fat quality (Öhlund et al. 2007 ) that relates to the fatty acid (FA) composition of the meat. Other factors such as food safety, health, environmental impact, and animal welfare have also grown in importance for the consumers over recent years (Grunert et al. 2004) .
Factors affecting the different quality parameters can be divided into two categories with breed, age, sex, and genetics being directly related to the animal, while diet, environment, and also slaughter and cooling conditions are external to it. These different factors have been reviewed by Sanudo et al. (1998) . Among them, however, feeding system plays an important role in the determination of overall lamb quality as shown in several studies. When comparing meat from lambs produced on either pasture or concentrate, Diaz et al. (2002) , Lowe et al. (2002) , and Nuernberg et al. (2008) did not find any difference in ultimate pH of the meat, but Perlo et al. (2008) and Resconi et al. (2009) reported higher ultimate pH in grass-fed lambs. According to Priolo et al. (2001) , however, under normal slaughter procedure, pasturefed animals should have enough muscle glycogen to allow for a normal meat pH value. Meat colour from pasture-raised cattle tends to be darker as reviewed by Coulon and Priolo (2002) , and this trend seems to apply to lamb as reported by Priolo et al. (2002) and Joy et al. (2008) although few studies have been carried out with lambs. Diaz et al. (2002) have reported back muscles of lamb to be darker when raised on pasture, but no difference was observed in abdominal muscles. According to Luciano et al. (2009) , however, meat from lamb with comparable average daily gain (ADG) and fattening state should not differ in colour.
Lamb tenderness also appears to be quite variable between studies comparing lambs fed grass with those raised on concentrate diets with some authors reporting no differences between feeding regimes (Borton et al. 2005; Perlo et al. 2008) or inferior tenderness in grass-fed lambs (Fisher et al. 2000; Resconi et al. 2009 ). When adjusting ration so that concentrate and pasture-raised lambs had similar ADG, Priolo et al. (2002) found that C-fed lambs had a more tender meat. According to the authors, this effect could be explained by the greater subcutaneous fat cover, typical of C-fed animals, which can act as an insulator and reduce the propensity of lamb muscle to cold shorten and produce tougher meat. When no difference in sarcomere length was observed, Lowe et al. (2002) did not find any variation in tenderness between lambs fed different feeding regimes.
Compared with lambs fed concentrate, meat from lambs raised on pasture has been reported to have a stronger odour and flavour (Borton et al. 2005 ).
However, pasture-raised lambs in the reported study took over 100 d more to attain the targeted slaughter weight, and it is known that "lamb" flavour increases with the age of the animal ). According to Priolo et al. (2002) , lambs fed concentrate that have comparable ADG would have stronger typical "lamb", and also fat flavour than that from grass-fed lambs which would have greater liver flavour. It is, however, difficult to compare sensory qualities from diverse studies considering that different flavour or odour attributes were assessed, and that different scales were used. Inconsistent results are also found in the literature with respect to juiciness of the meat. Sanudo et al. (1998 Sanudo et al. ( , 2007 , Arsenos et al. (2002) , and Priolo et al. (2002) have reported that meat from lambs fed concentrate was juicier, while Kemp et al. (1980) , Fisher et al. (2000) , Borton et al. (2005) , and Resconi et al. (2009) have not found any difference in the juiciness of the meat from lambs produced on different feeding regimes. Difference in weight, age at slaughter, and breed make these results difficult to compare. These factors can all interact with feeding systems through difference in fat content among other effects on meat composition (Murphy et al. 1994b; Rowe et al. 1999; Aurousseau et al. 2004 ) that can influence in turn juiciness, tenderness, and flavour.
Nutrition also has a major influence on the FA composition of lamb muscles (Diaz et al. 2002; Santos-Silva et al. 2002; Aurousseau et al. 2004 Aurousseau et al. , 2007 Nuernberg et al. 2008; Vasta et al. 2009 ). Feeding forage to ruminant increases the n-3 polyunsaturated fatty acid (PUFA) content in meat, as it is a natural source of C18:3 n-3 (Lourenço et al. 2008) . Because of its beneficial FA profile, meat from lambs raised on pasture is often considered to be of superior quality to that of stall-raised animals (Fisher et al. 2000; Aurousseau et al. 2004 Aurousseau et al. , 2007 Nuernberg et al. 2008) .
Of all meat animal species, management of sheep production appears to be the most nonuniform around the world with each country, or even region, having its particular slaughter weight and carcass type, owing to the specificities of the area (Sanudo et al. 1998) . As shown by the literature, any modification brought in the feeding system for the improvement of product quality has potential to affect many characteristics of the meat. The production of heavy lambs, typical of eastern Canada, on grass in response to consumer needs has therefore to be assessed for all aspects of meat quality to make sure that consumer satisfaction is maintained. The objective of this study was therefore to assess how modification of lamb production system with respect to finishing diets [ad libitum concentrate (C), restricted concentrate (RC), zero grazing (ZGR), and grazing (GR)] affect physicochemical, sensory, and nutritional quality of meat from heavy Dorset lambs produced in eastern Canada.
Materials and Methods

Experimental site, animal, and diets
This study was conducted in the Centre d'Expertise en Production Ovine du Québec (QC, Canada; 47°21′00″N, 70°2′00″W). During the experiment, the average temperature and weekly rainfall were, respectively, 16°C (maximum 30°C and minimum 2°C) and 20 mm. Forty Dorset male lambs were used in a completely randomized design experiment. Each group of 10 lambs was allotted to one of the four management systems with respect to finishing diets as described in Jacques et al. (2011) : C, RC, ZGR, and GR. The herbage used to feed lambs on the ZGR and GR treatments was a mixture of grasses and legumes (average of 31% acid detergent fibre (ADF), 48% neutral detergent fibre (NDF), 18% crude protein (CP), and 9% ash on a dry matter (DM) basis). The lambs in the C treatment had ad libitum access to good quality hay [37% ADF, 63% NDF, and 15% CP, DM basis] and a commercial pelleted concentrate [9% ADF, 27% NDF, 17% CP, and 2.96 Mcal metabolizable energy (ME) kg −1 DM]. The lambs in the RC treatment had access to the same feed, but the hay: concentrate ratio was maintained at 60:40. The lambs in the ZGR treatment were fed ad libitum fresh grass cut twice a day from the same field grazed by the lambs in the GR treatment. Pasture management for the GR-fed lambs consisted of intensive rotational GR, with the lambs moved to a new paddock every 24 h to maintain herbage quality over the experimental period. The grass was approximately 15-25 cm high when the lambs entered each day's paddock and 5-8 cm high when they exited. The size of the pasture was adjusted as the lambs grew, to maximize dry matter intake (DMI) and minimize waste. The average stocking density was 15 m 2 per lamb at pasture. The herbage used to feed the lambs in the ZGR and GR treatments was a mixture of Dactylis glomerata and Alfalfa early in the season followed by a mixture of Phleum pratense and Trifolium repens (31% ADF, 48% NDF, 18% CP, and 9% ash, DM basis; Table 1 ). Average forage availability for the growing period was 2.3 kg DM −1 head −1 d −1 . The lambs in the ZGR and GR treatments had no access to concentrates but were offered mineral and vitamin supplementations daily. The GR lambs had access to shelter. Water and salt blocks were always available to all animals. Lambs were weighed weekly, until they reached the targeted slaughter weight (47 ± 1 kg). After 24 h of fasting, they were slaughtered in a commercial abattoir according to a standard procedure. Protocols for animal care followed the guidelines set out in the Guide to the Care and Use of Experimental Animals from the Canadian Council on Animal Care (1993). Carcasses were cooled overnight at 4°C and were then split in halves along the spine. They remained in the cold room for 48 h. The two longissimus dorsi (LD) muscles were then removed from each carcass, and colour was measured parallel to the muscle fibre axis at the extremity of the central portion reserved for the ulterior measurement of shear force. The two loins were then aged under vacuum for an additional 6 d at 4°C. The right LD was then frozen at −20°C for ulterior sensory analyses. The left LD was sectioned for the physicochemical analyses. The central portion was frozen under vacuum for ulterior measurements of cooking losses and shear forces. The two extremities were also frozen separately and served for the determination of chemical composition, total and soluble collagen, and myofibrillar fragmentation index (MFI). Arc tan (b*/a*).
Physicochemical meat quality
The pH value was determined in triplicates at 48 h postmortem using a pH meter (series 200 pH meter, Beckman Instruments, Inc., CA, USA) equipped with a penetrating glass electrode (Mettler-Toledo LoT406-M6-DXK-S7/25, Mettler-Toledo Ingold Inc., Bedford, MA, USA). Meat colour indices L* (lightness), a* (redness), and b* (yellowness) were determined after a 30 min blooming period at room temperature with a Minolta Colorimeter (Chroma meter CR-300, Data processor DP-301, Minolta Co., Ltd., Japan) at three surface locations of the rib-eye area. Hue angle [arc tan (b*/a*)] and colour saturation (also called chroma) (S = a* 1/2 + b* 1/2 ) were also determined. Samples used for cooking loss and shear force were thawed at 2°C for 48 h. Cooking and texture measurement protocol were the same as described in Pouliot et al. (2009) . Briefly, meat samples were weighed and then individually placed in plastic bags and cooked under 73°C running water (Autoclave Pilot Rotor 900, Hermann Stock Maschinenfabrik GmbH, Neumunster, Germany). Cooking was monitored with a thermocouple and ended when internal temperature reached 68 ± 2°C (approximately 20 min). A cold shower was then applied to bring the cooking to a halt. After overnight storage at 4°C, the samples were reweighed. Cooking loss was calculated as the difference between the weight of the loin portion before packaging (average 156 g) and the weight after cooking, expressed in percentage. Chilled samples were allowed to attain room temperature before being used to determine the Warner-Bratzler shear force (WBSF). Shear force was measured from 1 cm 2 square strips parallel to the muscle fibre orientation using a texture analyser (TA-XT2i Texture Analyser, Stable micro System, Godalming, Surrey, UK) fitted with inverted V-blade perpendicular to fibre orientation. The WBSF values represented the mean of a minimum of 10 readings per lamb.
For sarcomere length measurement, a 15 g of muscle sample was homogenized in 150 mL of 0.25 mol L −1 sucrose solution for 40 s with a blender. A drop of the homogenate was put on a slide with a cover. Sarcomeres from 25 myofibrils having at least 10 consecutive sarcomeres were measured with a phase contrast microscope connected to a digital camera (model 3.2.0, Diagnostic Instruments Inc., Sterling Heights, MI, USA) using a 100× objective. Sarcomere length was measured using a picture analyser program (Image Pro Plus, version 4.5, Media Cybernetics, Inc., Rockville, MD, USA).
Myofibrillar fragmentation index was based on the method by Hopkins et al. (2000) using spectroscopic determination of the optic density (OD) of homogenized fresh meat in a buffer solution (7 mmol L −1 KH 2 PO 4 , Tissue samples were analysed for moisture, CP, lipid, as well as total and soluble collagen contents, all expressed as percentage of fresh meat. Meat samples were freeze-dried, grounded through a 1 mm screen, and stored in sealed tubes for subsequent analyses. Total water was determined by weight difference of samples before and after freeze-drying. Nitrogen content of the samples was obtained by combustion with the Leco FP-428 protein extractor (Leco Corporation, St. Joseph, MI, USA) based on the AOAC 992.15 procedure. Nitrogen was then converted into CP content using the 6.25 factor. Lipid content was obtained by supercritical CO 2 extraction using Leco TFE-2000 (Leco Corporation, St. Joseph, MI, USA) according to the AOAC 991.36 procedure. Total collagen content was estimated using the spectroscopic hydroxyproline concentration determined at 558 nm (Varian Cary 50, Varian Instruments, Walnut Creek, CA, USA), after overnight acid hydrolysis of the sample at 105°C with 3.5 mol L −1 H 2 SO 4 following the method of Kolar (1990) . The method of Hill (1966) was used to obtain the soluble collagen content.
Fatty acid composition
Fatty acid composition of the intramuscular fat of the LD was obtained by following extraction using the method of Folch et al. (1957) . Composition analysis of the FA was carried out with a gas chromatograph equipped with a 100 m CP-Sil 88 capillary column and a flame ionization detector as described in Faucitano et al. (2008) .
Meat sensory evaluation
Sensory evaluation was performed according to the modified Sensory Spectrum™ method for descriptive analysis (Meilgaard et al. 2007 ) by eight trained panelists for the assessment of the intensities of juiciness, lamb flavour, and tenderness using an eight-level incremental scale with the lowest value representing extremely dry, no lamb flavour, and very tough and the highest value representing extremely juicy, extreme lamb flavour, and very tender. Training was provided previously for the test, and involved five sessions of 1 h for familiarization and intensity scales usage, as well as three performance measures allowing improvement of discriminating power, homogeneity, and repeatability. At each session, panellist evaluated eight samples (two per treatment) presented at random. One day prior to each panel session, frozen samples were taken from the freezer and thawed at 4°C for 24 h. Samples were cooked in individual cooking bag in a ventilated electronic oven at 177°C (Fischer and Paykel, Aerotech Advanced Cooking System, Multifunction Oven, No. 599149C) until internal temperature reach 70°C as determined with thermocouples. Internal temperature of each sample was monitored with individual Omega thermocouple thermometers (Dual JTEK, No. 600-1040, Barnant Company, Barrington, IL, USA) placed in the geometric centre of each sample. After cooking, each muscle was cut into 16 subsamples (two per panellist) and stored in a warming cabinet (60°C) until they were served for test panel evaluation. The sensory analysis was performed in individual cabins with artificial lights. Panellists were instructed to eat a small piece of unsalted cookie and rinse their mouth with water between each sample assessment, to remove any traces of the previous sample in their mouth.
Statistical analysis
Data were analysed as a completely randomized design using the MIXED procedure of SAS (SAS Institute, Inc. 2008) . Individual lambs were considered as the experimental units. Least-squares means were compared using the PDIFF option of SAS with a TukeyKramer adjustment for multiple comparisons of all parameter, except sensory evaluation (tenderness, juiciness, and lamb flavour) for which the Bonferroni adjustment was used. Significance was declared for P < 0.05.
Results and Discussion
Meat physicochemical quality
It is generally accepted that animal raised on lowenergy feeding system tend to produce meat with higher ultimate pH (Bray et al. 1989 ) due to insufficient accumulation of glycogen in their muscles (Priolo et al. 2001 ). Although Resconi et al. (2009) have observed higher ultimate pH in meat from lamb raised on pasture compared with lambs fed ad libitum concentrate, other research comparing lamb raised on either forage-based or concentrate-based diets did not observed any significant effect of nutrition on meat ultimate pH (Diaz et al. 2002; Lowe et al. 2002; Nuernberg et al. 2008) . In the present study, lambs on GR treatment had a lower ultimate pH (P = 0.04) compared with that of lambs on the other dietary treatments ( Table 1 ). Considering that ZGR and GR lambs received similar feed energy, it is possible that the lower meat pH from GR lambs was the result of their gregarious behaviour which most probably provided them with the ability to cope better with the preslaughter and slaughter stress than lambs from the other groups that were raised in individual pens. Indeed, according to the procedure used in this study, which was based on commercial practices, lambs from the different treatments were mixed in group of 10-20 animals for transportation and overnight resting period at the abattoir. Such mixing of unfamiliar animals is well documented to produce meat with higher ultimate pH (Devine et al. 1993 ).
The lower ultimate pH of meat from GR lambs, however, is not consistent with the obtained lower L* value that indicates a slightly darker meat (Table 1) . Lamb on ZGR treatment also had lower L* value, but their ultimate pH was higher and was comparable with that found in the other treatments. Animals fed RC had intermediate L* values. As reviewed by Priolo et al. (2001) , lightness value of meat from animals raised on pasture or with concentrate seems to be influenced by ultimate pH, with higher value generally resulting in darker colour (Ledward et al. 1986 ). However, similar to our results, Priolo et al. (2001) have also obtained lighter meat from animals fed on concentrate as compared with grass-fed animals even when ultimate pH value was identical between treatments, as observed in the present studies between ZGR and C. This suggests that ultimate pH is not the only factor influencing meat colour of animals raised under GR or concentrate-based diets, but reasons for these differences are not clear. With their lower ADG and thus older age at slaughter (Jacques et al. 2011) , ZGR and GR lambs could have potentially accumulated more pigments in their muscle as a possible explanation. However, no difference were found in the other colour indices (a*, b*, hue, and saturation) between dietary treatments (Table 1 ). The absence of difference in redness (a*), yellowness (b*), hue, and saturation between feeding regimes in this study is consistent with the previous findings by Diaz et al. (2002) , Priolo et al. (2002) ; Perlo et al. (2008) , and Rodriguez et al. (2008) using comparable treatments. Also, there was no difference in intramuscular fat content between treatments ( Table 2) that could explain greater lightness in lambs on concentrate although the possibility that some marbling streak in the meat have been picked up by the colorimeter, in spite of absence of difference in intramuscular fat, cannot be ruled out.
Cooking loss (Table 1) of meat from lambs on ZGR treatment was slightly lower (P = 0.004) compared with lambs on C and RC treatments, while lambs on GR treatment had intermediate values. We have no clear explanation for these results that similar to colour do not appear to be pH related. Indeed, in numerous studies, decrease in cooking loss is associated with higher pHu (Ekiz et al. 2009; Kadim et al. 2009; De la Fuente et al. 2010) . Ekiz et al. (2012) reported cooking loss between 21.5% and 24.1% for pHu between 5.60 and 5.72. In the present study, for similar pHu, cooking loss was also within the same range for C and RC but was slightly lower for fresh herbage-fed lambs. At comparable pH values, Blanco et al. (2014) reported nearly 2% more muscle water content and close to 5% more cooking loss than in the present study for lambs fed high concentrate diets. In our study, there was also no difference in intramuscular fat or sarcomere length ( Table 1) between treatments that could account for variation in cooking losses. Irrespective of pH values or variation in other physicochemical parameters, differences in cooking conditions among studies such as cooking and cooling temperature, time, sample size, and dimension, could account for the variation observed in the literature, but unfortunately, these complete details are rarely reported.
Notwithstanding the preceding information, the reported differences in cooking loss in our study did not have any effect on WBSF of the meat, as no difference (P = 0.30) was found between groups. In the literature, the effect of diet on lamb tenderness appears to be variable with reports showing higher WBSF values for C-fed lambs than for pasture-fed lambs (Santos-Silva et al. 2002) , while others did not find any difference . Our WBSF results are consistent with the absence of difference in both sarcomere lengths and MFI (Table 1) between dietary treatments. In the present study, however, sarcomeres were relatively short for all feeding regimes compared with other studies Tschirhart-Hoelscher et al. 2006; Bond and Warner 2007) in which sarcomere lengths varied between 1.7 and 1.9 μm, likely suggesting that cold shortening has occurred during cooling of the carcasses used herein. Smith et al. (1976) showed that lambs carcasses with an increase of fat covering, chilled more slowly, and had less shortening of sarcomeres. This fat protection was not observed in the present study because C-fed lambs had the required fat covering for the A grade carcasses (Jacques et al. 2011 ) but had the same sarcomere length as lambs from the other dietary treatments. Hence, it is possible that the amount of fat covering the carcasses was not enough in the present experiment, for any treatments to prevent cold shortening, under the cooling conditions prevailing at the commercial abattoir. In the literature, a 5 kg shear force value corresponds to the tenderness acceptability threshold for lamb meat consumers Safari et al. 2002) . Based on these values, meat from lambs in this study is well within the acceptable limit for tenderness with an overall mean WBSF value of 4.6 kg.
Meat chemical composition
Chemical characteristics of the LD are shown in Table 2 . Water content of meat from lambs fed RC was greater than that found in meat from GR lambs (P = 0.02) although the difference observed was small (<1%). In comparable trials studying lambs under different feeding managements (Rowe et al. 1999; Perlo et al. 2008 ), significant differences in water content of LD muscle have been reported. However in these studies, lower moisture content was linked to higher intramuscular fat content, whereas in the present experiment, fat content in the muscle was not affected by the treatments. In contrast to our findings, many other studies did not report any difference in water content for lamb fed different levels of intake (Murphy et al. 1994b) , or for C-fed vs. pasture-fed lambs (Murphy et al. 1994a ). Some authors reported higher intramuscular fat content in meat from C-fed lambs than for GR lambs (Rowe et al. 1999; Perlo et al. 2008) , while others did not find any difference (Murphy et al. 1994a) . No difference in protein content of the LD muscle was found. This is consistent with the results from a similar trial by Murphy et al. (1994a) , who suggested that protein content in carcasses was not affected by finishing diet. Other studies with lambs on different feeding regimes also reported no difference in protein content of the meat (Rowe et al. 1999; Perlo et al. 2008) .
In the present study, total collagen and soluble collagen contents (Table 2) were not influenced by dietary treatments which indicate that a difference of over 40 d between the slaughtering of C-fed lambs and those fed with fresh grass was not sufficient to influence collagen cross-linking in the LD and therefore meat tenderness (Table 3) . These results are in accordance with those of Veiseth et al. (2004) , who studied the effect of age of lambs on meat tenderness and found no significant difference in the collagen content in meat from lambs between 2 and 10 mo of age. Results of Miller et al. (1989) also indicate that changes in collagen solubility are small in lambs between 12 and 30 mo of age, which are also consistent with the slaughtering of the lambs in the present study before 6 mo of age.
Sensory evaluation
Results of tenderness, juiciness, and flavour are presented in Table 3 . Panellists did not find any difference for tenderness and juiciness of the meat between the different treatment groups. The absence of difference in meat tenderness is also in accordance with the absence of effect of treatments on the WBSF results (Table 1) . The overall mean value for sensory assessment of tenderness was 5.3 on a 1-8 scale (1 = very tough and 8 = very tender) which indicates that meat was neither tough nor tender. This confirms also that the meat from all dietary groups was also acceptable as presented earlier on the basis of WBSF values when compared with the 5 kg threshold level for acceptability as determined by Shorthose et al. (1986) and Safari et al. (2002) . The overall sensory results reported in this study are also in agreement with those of Sanudo et al. (1998) who previously reported that feeding system has little influence on lamb meat tenderness and juiciness but has some influence on meat flavour. In accordance with our results, Fisher et al. (2000) and Borton et al. (2005) reported that meat tenderness was not affected by forage finishing system, while other studies have shown that forage finishing diets could influence meat tenderness assessment Resconi et al. 2009 ). The difference in lamb tenderness between forage and concentrate finishing systems is often associated with an increase in carcass fatness of the latter, through either a direct effect of the fat in the meat or an indirect effect in reducing muscle shortening during carcass cooling . However, neither of these effects was observed in the present study in which no differences in sarcomere length and intramuscular fat content were reported. Similarly, juiciness from lamb in the present experiment showed no significant difference among dietary treatments, which is consistent with the lack of difference in intramuscular fat content that is known to promote the secretion of saliva and makes meat juicier. The very small difference (less than 1% unit) in water content (Table 2 ) has also not influenced the juiciness perception of the meat of the different groups, which is consistent with most of the previous research not reporting any difference in meat juiciness between concentrate or grassfed lambs (Fisher et al. 2000; Borton et al. 2005; Resconi et al. 2009 ) although Priolo et al. (2002) found that meat from stall lambs fed 85% and 15% hay was juicier than for grazed lambs. In many studies, stall feeding is confounded with concentrate feeding or conserved forage feeding (Procha et al. 2009; Majdoub-Mathouthi et al. 2015) . In the present study, fresh grass was either grazed (GR) or stall fed (ZGR), allowing comparison between indoor lambs and those exposed to environmental conditions, such as exercise, outside temperature, rain, and insect. With such an approach, other treatments could then be easily compared with grass-fed lambs because environmental impacts are taken into account in the experimental design. Devincenzi et al. (2014) fed indoor lambs with various proportions of alfalfa:cocksfoot fresh herbage but did not compare it to GR lambs. To our knowledge, no other recent studies reported comparison between grazed and indoor lambs fed the same high nutritive value, fresh herbage.
Lamb flavour was affected by dietary treatments with C-fed lambs having stronger lamb flavour than that of GR lambs (P = 0.03) ( Table 3) . This is consistent with other authors who have also reported that lambs fed concentrate had a more pronounced lamb flavour than pasture-raised lambs Borton et al. 2005) . Specific medium branched-chain FA such as 4-methyloctanoic acid and 4-methylnonanoic acid has been identified to be responsible for the typical sheep meat odour (Mottram 1998; Young et al. 1999 ). According to Young et al. (1997) , increased levels of these specific branched-chain FA are associated with an increase in sheep meat odour that can in turn influence the perception of the general flavour. However, the specific factor responsible for such difference in meat flavour is not clear. Numerous factors and their interaction are involved in the determination of meat flavour. Note: SEM, standard error of the mean; NS, nonsignificant. Means within the same row with different lowercased letters differ significantly (P < 0.05).
a Evaluated on a 1-8 scale (1 = very tough, 8 = very tender).
Feeding system can affect weight and age at slaughter, fatness, sexual maturity, meat pH, quantity and composition of intramuscular fat, and potentially also the presence of volatile organic compounds derived from the diet or ruminal fermentation, which can all influence meat flavour.
Fatty acid composition
Feeding management had a great influence on the FA compositions of the intramuscular fat of the LD (Table 4) . When significant differences (P < 0.05) were observed between C-fed lambs and grass-fed lambs (ZGR and GR), RC-fed lambs generally tended to have numerical values that were intermediates. Feeding grass (ZGR and GR) increased the concentration of cis-9, cis-12, cis-15 C18:3 in the LD muscle as compared with concentratebased diet (C and RC; Table 4 ). This result is consistent with the hypothesis that FA composition of intramuscular fat is influenced by the FA profile of diet, as green forages are a rich source of cis-9, cis-12, cis-15 C18:3 (Boufaïed et al. 2003) . After absorption in the small intestine, cis-9, cis-12, cis-15 C18:3 is used as substrate to produce longer chain PUFA of the n-3 family (Raes et al. 2004) leading to the production of cis-6, cis-9, cis-12, cis-15 C18:4; cis-11, cis-14, cis-17 C20:3; cis-8, cis-11, cis-14, cis-17 C20:4; cis-5, cis-8, cis-11, cis-14, cis-17 C20:5; cis-7, cis-10, cis-13, cis-16, cis-19 C22:5; and cis-4, cis-7, cis-10, cis-13, cis-16, cis-19 C22:6, which were all significantly higher in the LD muscle of GR lambs compared with C-fed or RC-fed lambs. As a result, the proportion of total n-3 PUFA was more than two times greater for GR lambs compared with C-fed or RCfed lambs (P < 0.0001). Many other authors also reported higher levels of n-3 PUFA in muscle of grass-fed vs. C-fed lambs (Rowe et al. 1999; Fisher et al. 2000) , steers (Marmer et al. 1984; Faucitano et al. 2008) , or goats (Rhee et al. 2000) .
When comparing grass treatments, the LD muscle of GR lambs contained higher concentration of cis-9, cis-12, cis-15 C18:3 and total n-3 PUFA compared with ZGR-fed lambs (Table 4) . This difference between the ZGR and GR might be explained by the fact that lambs usually graze from the top leafy layer downwards (Molle et al. 2008) . Therefore, the quality of forage (quantity of leaves) ingested by the GR lambs was likely higher than that offered to the ZGR lambs, which had less possibility to sort leafy material and thus consumed the whole plant that was cut at 5 cm above the ground. Because the cis-9, cis-12, cis-15 C18:3, precursor of the long chain n-3 PUFA, is mostly found in the leafy part of the plant (Gray et al. 1967) , GR-fed lambs probably ingested more n-3 precursor that could have led, through a succession of elongation and desaturation reactions, to the observed increase of total n-3 PUFA in their muscle (Raes et al. 2004) .
Contrary to what was observed for n-3 PUFA, no difference was observed between treatments in the concentration of cis-9, cis-12 C18:2 and the sum n-6 PUFA in the LD muscle (Table 4) ; even though concentrates are rich sources of cis-9, cis-12 C18:2 (Morand-Fehr and Tran 2001). The difference between feeding systems seems therefore to be less expressive for the n-6 than for the n-3 PUFA, which is in accordance to the results of Faucitano et al. (2008) in steers and Rowe et al. (1999), and Nuernberg et al. (2008) in lambs.
The higher concentration of n-3 PUFA, and the similar level of n-6 PUFA in intramuscular fat of forage-fed lambs, led to a decrease of the n-6/n-3 ratio (P < 0.0001). Same patterns for these effects of diets on n-6/n-3 ratio were observed by Nuernberg et al. (2008) even though their lambs were slaughtered only at 25 kg of body weight (BW). Aurousseau et al. (2007) also reported the same trend for the n-6/n-3 ratio in a similar experiment with heavier lambs (35 kg of BW at slaughter), although they only considered C18:2, C20:5, C22:5, and C22:6 for the sum of n-3 PUFA, and C18:2 and C20:4 for the sum of n-6 PUFA. The n-6/n-3 ratio is often considered a nutritional index for the healthiness of food products. According to the recommendations of human nutritional adviser, the attempt is to increase the level of n-3 PUFA in the diets to lower the n-6/n-3 ratio in food products because it could prevent or modulate some human diseases (Connor 2000) .
According to Harfoot (1981) , the biohydrogenation pathway of cis-9, cis-12, cis-15 C18:3 involves the production of cis-9, trans-11, cis-15 C18:3, trans-11, cis-15 C18:2, and trans-11 C18:1, which were all increased in LD muscle of GR lambs compared with C-fed lambs (Table 4) . Grass feeding (ZGR and GR) also resulted in an increased proportion (P < 0.0001) of cis-9, trans-11 C18:2 in the LD muscle of lambs compared with concentrate feeding (C and RC). These results are in agreement with the previous studies in which grass-fed lambs had higher level of conjugated linoleic acid (CLA) in their muscle (Santos-Silva et al. 2002; Aurousseau et al. 2007; Nuernberg et al. 2008 ). The CLA found in meat from ruminant originates from two sources (Griinari and Bauman 1999) . The cis-9, trans-11 C18:2 can be formed during the biohydrogenation of cis-9, cis-12 C18:2 in the rumen, or it can be synthesized by animal's tissue through the activity of the enzyme Δ 9 -desaturase using trans-11 C18:1 as substrate to produce cis-9, trans-11 C18:2 (Santora et al. 2000) .
It is well known that feeding high level of concentrate can affect ruminal fermentation. These modifications can also impact ruminal biohydrogenation process that is characterized by a decrease of trans-11 C18:1 and an increase of trans-10 C18:1 (Griinari and Bauman 1999) . Accordingly, in the present study, C-fed lambs had a greater concentration of trans-10 C18:1 in their muscle than lambs on the three other dietary treatments (P < 0.0001), whereas their concentration of trans-11 C18:1 was lower (P < 0.0001) compared with grass-fed lambs (ZGR and GR). A shift in the biohydrogenation pathway leading to lower proportions of trans-11 C18:1 and higher proportions of trans-10 C18:1 has also been reported in the LD muscle of steers fed a high concentrate diet based on barley (70%, DM basis) as compared with feeding grass silage only (Faucitano et al. 2008 ).
Finally, a lower concentration of C18:0 and a greater concentration of cis-9 18:1 have been observed in the LD muscle of C-fed lambs compared with grass-fed lambs Note: SEM, standard error of the mean; NS, nonsignificant. Means within the same row with different lowercased letters differ significantly (P < 0.05).
a Conjugated linoleic acid.
b Sum of n-6 fatty acids = cis-9, cis-12 C18:2 + cis-6, cis-9, cis-12 C18:3 + cis-8, cis-11, cis-14 C20:3 + cis-5, cis-8, cis-11, cis-14 C20:4 + cis-7, cis-10, cis-13, cis-16 C22:4 + cis-4, cis-7, cis-10, cis-13, cis16 C22:5.
c Sum of n-3 fatty acids = cis-9, cis-12, cis-15 C18:3 + cis-6, cis-9, cis-12, cis-15 C18:4 + cis-11, cis-14, cis-17 C20:3 + cis-8, cis-11, cis-14, cis-17 C20:4 + cis-5, cis-8, cis-11, cis-14, cis-17 C20:5 + cis-7, cis-10, cis-13, cis-16, cis-19 C22:5 + cis-4, cis-7, cis-10, cis-13, cis-16, cis-19 C22:6.
(ZGR and GR). Similar effects have been observed in steers by Faucitano et al. (2008) when comparing a high concentrate with grass silage diets. In animal tissues, cis-9 C18:1 is produced by the desaturation of C18:0 through the activity of the enzyme Δ 9 -desaturase. In growing lamb, Ward et al. (1998) observed that insulin significantly increased the expression of the enzyme Δ 9 -desaturase in adipose tissue. In the same animal, Daniel et al. (2004) reported that feeding a high concentrate diet increased plasma insulin concentration as compared with feeding a diet based on grass pellets. A similar phenomenon could explained the effect of observed on the desaturation index (cis-9 C18:1/cis-9 C18:1 + C18:0) which decreased from 2.3 in C-fed lambs to 1.7 in the LD muscle of GR lambs.
Conclusion
Forage finishing system with heavy lambs produced meat with good quality overall with only minimal variations being reported between dietary groups in spite of the possibility that preslaughter stress and cold shortening occurred under the commercial slaughter condition used in this experiment. Raising lambs on pasture appeared to have little impact on meat quality considering also their inherent exposure to environmental conditions. Using forage finishing system improved the FA composition of the meat leading to a greater concentration of n-3 PUFA that resulted in a lower n-6/n-3 PUFA ratio. Moreover, the higher level of CLA in meat from grass-fed animal could be of interest in human nutrition. Finishing lambs on pasture appears to be sustainable by producing high-quality meat without relying on concentrate or conserved forage.
